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- A (ASE STUDY EVALUATION OF SATELLI'I‘E-—DERIVEJ RATNFALL ESTIMATES -
d AND THEIR APPLICATION TO NUMERICAL MODEL PRECIPITATION FORECAST VERTIFICATIONL

Glenn A. Field
National Weather Service Forecast Office
Milwaukee, Wisconsin

ABSTRACT. Satellite-derived precipitation estimates are
caputed and then evaluated using a dense network of cooper-
ative cbserver rain gauge reports as the verification., The
feasibility of using these satellite rainfall estimates to

- evaluate numerical model precipitation forecasts is investi-
gated. The correspondence between the numerical model
forecast and the observations also is assessed.

The satellite rainfall estimates are produced every half
hour for the 24-hour period starting 1200 GMT, July 20,
1981. They are caputed using the operational Scofield-
Oliver Conwvective Rainfall Estimation Technique on the
University of Wisconsin's Man-Camputer Interactive Data
Access System (McIDAS) {Sucmi et al., 1983). A severe
weather cutbreak occurred over parts of the southern Midwest
during this period and significant rainfall amounts were
cbserved. More than 300 cocperative chserver rain gauge
) cbservations made during the same time period as the esti-

, ) mates are campiled. The McIDAS analysis procedure provides

estimate values assigned to grid points spaced 22 km apart.
The rainfall cbservations, however, are at irregularly
located positions., In order to be able to cbjectively
evaluate the estimates, the cbservations are interpolated to
the same grid points as the estimates using a minimum of
smoothing, Difference fields then are evaluated.

The numerical model evaluated is an Australian mesoscale
model referred to as the Subsynoptic Scale Model (SSM). 1Its
24-hour precipitation forecast is examined for the same time
period as the satellite estimates ard grourd-based cbserva-
tions. The horizontal resolution (134 km) and map projec-
tion of the SSM are much different then for the estimmtes
and cbservations. A regridding and interpolation scheme is
employed, which allows the S model to be objectively
evaluated on a cammon grid with the estimates and abserva-
tions.

The results show that the satellite estimates campare very
favorably with the cbservations, especially with regard to

1 fThis is a reprint of Mr. Fields' Master Thesis fram the University of
Wisconsin~Madison which was supervised by Professor David D. Houghton.
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location of rainfall mexima., It is shown that the orienta- . .
tion of the maxima and minima axes in the contoured estimate '/D
field is in good agreement with the dbservations and radar o
reports. As would be expected, this agreement improves with

higher amounts of smoothing. There are many apparent )

overestimates, for which several plausible explanations are

given. Same displacement errors are cbserved and it is

shown how small location errors can lead to large errors in

a gridded difference field.

By using satellite estimates as part of the SSM model veri-
fication, this study suggests a new application for the use
of the Scofield-Oliver technique. Unfortunately, the SSM
model fails to accurately predict convective precipitation
in this case study. It's forecast precipitation area is too
far to the north and the amounts are much too small. Never-
theless, the feasibility of using satellite estimates to
verify the model is demonstrated. It is shown that the
potential exists for operational mmerical (mesoscale)
modeling to benefit by having such satellite verification
information for precipitation which can be produced in near
real-time.

INTRODUCTION

One of the newest and most exciting topics within the field of satellite

Branch (SAB) of the Mational Envirommental Satellite, Data, and Information

meteorology is precipitation estimation, Since 1978, the Synoptic Analysis D

Service (MESDIS) has been responsible for providing the Mational Weather Service
(N4S) and other users with real-time estimates and short-range forecasts of
precipitation fram satellite pictures. The operational estimates are camputed
for individual counties using the improved Scofield-Oliver Convective Rainfall
Estimation Technique, with the help of IFFA, the Interactive Flash Flood
Analyzer. These estimates, when used in conjtmctlm with local radars, provide
timely rainfall information and are instrumental in the issuance of flash flood
watches and warnings, which save lives and property. Throughout this paper, one
should not lose sight of the fact that satellite precipitation estimstion is
truly amazing, considering that informetion from satellite pictures taken more
than 22,000 miles in space is being used to make rainfall estimates for areas as
srall as an individual county,

Because the Scofield-Oliver technique is designed specifically for corvec-
tive events, its application is most appropriate for what are termed "mesoscale®
(or sub-synoptic scale) systems. These could range from a large mesoscale
convective camplex (MCC) covering a few states to individual thunderstorm
clusters. Much attention has focused an problems of the mesoscale in the past
decade, yet a camrehensive theory redarding the nature of mesoscale phenomena
is still lacking. This is mainly because there is an "inadequate understanding
of the physical and dynamical processes associated with the phencamena...and
because a suitable cbservational system does mot exist" (Ray, 1986). In an
effort to gain an understanding of what actually occurs on the mesoscale, numer-
ous field research experiments have been conducted (such as AVE, COOFE, CYCLES,

2 »



SESAME, and STORM). Many of these experiments collected much needed data with a
better temporal and spatial resoluticn than is normally available. Similarly.
as new empirical evidence regarding mesoscale systems has been gained fram
satellite imagery, the original Scofield-Oliver Convective Rainfall Estimation
Technigue, developed in 1977, has undergone several modifications. For example,
the original technique was designed for tropical-type systems with high tropo~
pauses and hich precipitable water values. However, it was noticed that some
heavy rainfall events went unestimated because they had relatively wamm tops in
the enhanced infrared GOES imagery. In 1982, the technique was modified by
Spayd and Scofield to include heavy localized rainfall from "warmtop" events in
the satellite imagery (Spayd, 1982). Other empirical correction factors, such
as for overshooting tops, thunderstomm cluster or line mergers, stationary
stoms, mean ervironmental relative lumidity, and precipitable water have been
developed recently arnd are discussed further in Chapter III.

Although not digcussed in this paper, it should be moted that microwave
frequencies also have been used to estimate precipitation fram satellites.
(Howewver, they-are not as yet used in an operational mode,) 2According to
Spencer et al. (1983b), "Microwave methods are more direct {than Visible/IR
methods] because the microwave radiation upwelling fram the earth is affected
more by rain drops than by claud dropiets."” For more information on microwave
satellite precipitation estimation, see reference list for articles by: Welnman
and Guetter, Spencer, Spencer et al., Hood and Spencer, and Ferraro et al.

The first main goal of this paper is to demomstrate the use of the NESDIS
Operational Scofield-Oliver Convective Rainfall Estimation Technique by cam-
puting estimates for a convective event that occurred over the southerm Midwest
in July, 1981. Forty-eight grids of half-hourly precipitation estimetes are
added together to make a 24-hour total,

The next major section of this paper presents the verification of these

satellite-derived estimates, Because of the often short-lived and localized
nature of corvective storms, verification of satellite rainfall estimates is a

difficult task (Field, 1985a). Observations fram exactly the same time period
and location as the estimate are very rare., Also, heavy warm-season precipita-
tion is usually a mesoscale event ard it is highly unlikely that the maximum
reported values will be representative of the local maximum amount that actually

"falls. The maximum rainfall usually falls between the rain gauges! Recently, a

verification system which attempted to minimize these temporal and spatial
problems was developed ard used to verify NESDIS' Synoptic Analysis Branch's
operational estimates for the 1984 cornvective season. Results showed that the
satellite estimates were accurate to within about 30 percent in magnitude and
10-20 miles in location (Field, 1985b). Although the verification method used
in this paper differs fram the NESDIS method, many of the same factors (such as
sparsity of dbservations) were important. For this paper, the verification
procedure inwvolved the collection of more than 300 cooperative cbserver rain
gauge reports corresponding (as well as possible) to the same time period as the
estimates. The cbservations then were interpolated to the same grid points as
the estimates. The resulting contoured difference fields will be presented and
discussed. Similarities and differences between the NESDIS method and this
method will be mentioned.



Evaluation of a mescscale model precipitation forecast is the subject of
the third part of this paper. As Anthes (1983) and Lindstram (1984) have
pointed cut, crucial improvements are still needed in the parameterization of
marny processes related to precipitation forecasts, such as planetary boundary
layer processes and moist convection. While mesoscale models are used mainly
for research at present, it is concelivable that they will eventually be used in
an operatioral mode. Tntil that time in the future, however, it is important
that the state of the art in mesoscale precipitation modeling improve. This
paper provides an evaluation of model forecasts for the case of July 20-21,
1981. The Australian Subsynoptic Scale Model's (SSM) 24-hour precipitation
forecast is examined using two data sets. The first was from cocperative
observer repoarts smoothed to a degree that allowed a fair camparison to be made
with the resolution of the model cutput. Contoured gridded difference fields
are presented in Chapter VII. Although it was possible to use such a dense
network of rainfall dbservations for this research, this normally would rot be
available to mesoscale modelers on a real-time, operaticnal basis. Sane NWS
cooperative cbservers report only every week and it is months before their
reports are published in a climatological journal. The second data set was
derived from satellite imagery. Such estimates could be used to verify mmeri-
cal model forecasts in a timely manner and to supplement other data, especially
where there are gaps in the cbserved data, In fact, the Heavy Precipitation
Unit (HPU) of the National Meteorological Center (NMC) currently tries to
incorporate estimates from NESDIS' Synoptic Analysis Branch, along with radar
ard rain gauge reports when verifying their operational products. This paper
used a smoothed satellite-derived estimate field as the verification for the
SaM's convective precipitation forecast. Contoured difference fields are
presented in Chapter VII. Although the SSM failed to accurately predict corwvec-
tive precipitation in this case study, this paper presents both the idea of ard
an example method for using estimates to verify a numerical model.

A description of the synoptic setting and important dynamics on July 20-21,
1981 is given in Chapter II. Much work has been dome (see Uccellini and
Petersen) using VAS soundings for this severe weather cutbreak and sare of this
work is shown.

Satellite precipitation estimation is discussed in Chapter ITI. First,
the Scofield-0Oliver Convective Rainfall Estimation Technique is explained in
detail. 'This is followed by a description of the physical set-up of the Univer-
sity of Wisconsin's Man-Carputer Interactive Data Access System (McIDAS) and a
sumary of the procedure used in camputing estimates for this paper. A compar-
ison is then made between the author's estimation scheme and the current NESDIS
operational Precipitation Estimation Program, which is performed in Washington,
D.C. by Synoptic Analysis Branch meteorologlsts using the Interactive Flash
Flood Znalyzer.

Chapter IV explains how the dbserved rainfall data were campiled and what
were the sources of the data.

Chapter V gives a description of the Subsynoptic Scale Model and a summary
of the particular model run used for this study.



In Chapter VI, the topic of smoothing is addressed. The smoothing facters
used for inter-camparisons between the estimates, observations, and model are
explained,

The results of this research are presented in Chapter VII. Comparisons
are made between: (a) the estimates and the cbservations, (b} the cbservations
and the model, ard (c) the estimates and the model. These compariscons are
evaluated with regard to magnitude errors, location errors, corientation of
mximm/minimm axes, etc. A statistical skill score that was able to be
abjectively calculated is cited.

A sumary and conclusion is given in Chapter VIII.

A camplete list of references follows the conclusions.

The Appendices show the VAS data that is mentioned earlier in Chapter II
arnd the actual cooperative cbserver rain gauge reports for each state in both
plotted and tabular form.

ITI. THE SYNOPTIC SETTING

During the afternoon on July 20, 1981, a 500 mb short wave trough was

advancing through the Mississippi Valley and strong cold -advection was entering

Nebraska behind this trough. At the surface, a cold front trailing fram a low
pressure center in Ontario extended soutlwestward through northern Chio, central
Missouri, and the Cklahoma Panhandle, This front separated very hot, moist air
to the south fram warm, but drier air to the north, At 2100 GMT the temperature
was 97°F with a dew point of 77°F in socutheast Mlsscmrl (Figure 1).
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Fram early in the day, the atmosphere was wumstable in the socuthern Midwest. .
Figure 2 shows the McIDAS-derived Lifted Index, Total Totals Index,
precipitable water, and the Severe Weather Threat (SWEAT) Index for radiosonde
stations across the Midwest at 1200 GMT, July 20. The maximum negative Lifted
Index was -8 fram Cklahoma to soutbwest Missouri, The SWEAT Index was dlsc a
pronounced maximum of 318 over soutlwestern Missouri. Total Totals Indices
were in the unstable mid-50's over the same area, (For each of these indices,
the larger the magnitude (absolute walue) of the index, the more unstable it
is.) Precipitable water values were highest in Oklahama and Arkansas.

During the aftemoon, a mid-level dry air intrusion approached and overtook
the low—level moisture that existed ahead of the front, At 1930 GMI' a cluster
of severe thunderstorms developed in central Missouri and swept southeastward
during the day. Tornadoes were reported near Columbia, Missouri. 2 few hours
later, a second area of thurderstorms developed across Oklahama, where surface
tamperatures had reached 107°F with dew points in the 60's. The 2235 GMT radar
chart shows these two areas of thunderstorms (Figqure 3).

Recently, meteorclogists have been able to use VAS (Visible and Infrared
Spin Scan Radiameter Atmospheric Sounder) satellite data to continucusly monitor
changes in atmospheric stability. Using VAS data, the develomment of the two
main areas of storms on this day has been found to be closely related to the
cnset of the mid-level dry air intrusion at these locations (Petersen et al.,
1983a). By using a method known as the "split-window®™ technicque to identify
areas of low-level moisture (Chesters et al., 1983) and then overlaying regions
of mid-level dryness, Petersen et al. were able to identify areas of strong {(and
severe) convective potential in real-time. This helped lead to the prampt
isswance of tormado watches that afternoon by the Severe Storms Forecast Center
in Kansas City ard may, in part, be the reason that no persons were killed in
Missouri, despite numerous severe reports, Table 1 shows a listing fram Stomm
Data reports for Missouri on July 20, 1981, Further details about the use of
VAS satellite data an this day are given in Appendix A.

By early the next morning, Arkansas was receiving heavy rainfall, as shown
on the 0935 GMT radar chart (Figure 4). Throughout the period of concem in
this case study, precipitable water values (Figure 5) were high (greater than
1.5") ahead of the cold front. Cbserved 24-hour (1200-1200 GMT) rainfall totals
of 1.5" were comon fram northwest and central Arkansas northeastward to south-
em Illinois and western Kentucky, with more than 2.5" in parts of Missouri and
Arkansas.

Further synoptic and radar maps for this July 20 case can be fomd in
Petersen et al (1983b, c).

ITI. SATFLLITE PRECIPITATION ESTIMATION

A. Characteristics and Scales of Satellite-Observed Heavy Comvective
Rainfall Systems

Before the metecrologist can attempt to canpute a quantitative satellite

precipitation estimate, it is important for him/her to be able to recognize the
type of comvective system that is occurring. This can help in meking more
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prudent decisions reg@rding the intensity and duration of the storms, For
example, certain systems became more efficient rainfall producers hours after
initial development, such as the Mesocscale Convective Camplex (MCC}, while
others, such as Single-Clustered systems, have short-lived heavy rainfall.

After years of viewing satellite imagery and studying the signatures of meso-
scale systems, the NESDIS Satellite Applications Laboratory in Washington, D.C.
has developed a classification scheme for several convective systems. These
include Tropical, Linear, Single-Clustered, Multi-Clustered, Synoptic Scale,
Overrumming, and Regenerative systems, There are several sub-categories within
each of these classifications. For example, "Tropical® systems include remnants
of pure tropical cyclones as well as mesoscale quasi-tropical systems (such as
the MCC), which possess a large circular or oval anticyclonic cirrus outflow.
The "Linear" category consists of both squull lines and deep large-scale convec-
tive wedges. "Multi-clustered" systems can be either circular or wedge-shaped,
deperding on the velocity of the upper level flow. As will be shown in sections
2 ard 3 of this chapter, the determination of the areas of heaviest rainfall
(from a satellite picture) for this latter category is highly dependent on
knowledge of the upper level wind pattern. Table 2 shows the characteristics of
satellite—cbserved heavy convective rainfall systems. It describes the lccation
ard appearance of these systems in satellite data, cormventional data, and radar
data (Spayd and Scofield, 1984a). Since the operational meteorologist usually
has access to local radar observations, the radar signatures listed in Table 2
provide valwable insight into the correct diagnosis and classification of a
corvective system.

Table 2, Characteristics of Satellite-Cbserved
Heavy Comvective Rainfall Systems

CHARACTERISTLCS OF SATELLITE-OBSERVED HEAVY CORVECTIVE RAINFALL SYSTEMS
gy S
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Another way that these systems can be classified is by their scale, as
shown in Figure 6 (Spayd, 1985). (Figure 6 is more recent than Table 2 and,
while classifications are the same, the terminology is slightly different.
"Mesoscale Convective Systems® refer to the "™Multi-Clustered™ variety previously
mentiocned. "Corvective Wedge" refers to "Linear Large Scale Wedge" and MCC's
have been given their own category.) Most convective heavy rainfall events
fall within the upper Meso-B and lower Meso-© scales (fram approximately 50 to
1500 km). Tropical storms, overrunning, and cyclonic circulation systems are
primrily meso-0 , while mesoscale corwective systems are primarily meso- B,
Corvective camplexes can be Meso-® or Meso-B and single-clustered systems are
usually Meso-Y width (from approximately 5 to 20 km).

B. THE SCQOFIELD-OLIVER CONVECTIVE RAINFALL ESTIMATICN TECHNIQUE
1. Assumptions of the Technique

The Scofield-Oliver Convective Rainfall Estimation Technicue ({SOCRET)
was originally developed in 1977 by Rod Scofield and Vince Oliver of NESDIS in
Washington, D.C. (Scofield and Oliver, 1977). It is based on empirical correla-
tions between dbserved rainfall and satellite imagery. During the past several
years, the Technique has become widely accepted and it is the United States!
current operational rainfall estimation technique. The SOCRET was developed for
deep cornvection within a moist tropical air mass. Precipitable water values are
assumed to be greater than or equal to 1.5 inches. The technique assumes that
there are high summer tropopauses, thereby allowing conwvection to achieve maxi-
mum heights (cold tops). Furthermore, the technique does not take into account
any orographic effects.

Since 1977, the Techmique has undergone meny refinements, which have
enabled it to be used for a wider range of rainfall events., For example, the
improved SOCRET has a "warm-top" modification, which allows an estimate to be
caputed for convective events in regions with lower tropopauses, such as near a
closed upper-level low ressure center during the sumrer. Also, the new "mois-
ture correction factor" allows estimates to be detemined in regions where
precipitable water values are lower than 1.5 inches. These and other factors
are described in Section 2b.

It should be noted that Rod Scofield and LeRoy Spayd have developed two
other rainfall estimation techniques: (1) the Extratropical Cycione (or ™Winter
Starm™) Technique (Scofield and Spayd, 1984), and (2) the Tropical Cyclone
Technique (Spayd and Scofield, 1984b). These should not be confused with the
SOCRET.

2. Computation of the satellite rainfall estimmte
The camputation of an estimated half-hourly rainfall rate requires two
enhanced infrared (IR) satellite photos, 1/2-hour apart. The IR enhancement

used is the MB-curve, which is shown in Figqure 7. The warm end of the MB en—-
hancement table is useful for identifying hot land, low clouds, sea surface
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Figure 7: The operational MB-curve for enhancing infrared
satellite imagery. (Chart taken from Clark, 1983.)

tameratures, and middle level c¢louds. However, it is the colder end of the MB-
curve (segments 4-9 in Figure 7) which is used for the estimation of precipita-
tion from cawective storms. Visible (VIS) images provide additional informa-
tion and should also be used. The operational SOCRET is shown in Table 3
(Scofield, 1984). Short summaries of each step are given below.

Segment § Enhancement Color Temperature (°C)
1,2,3 TUnenhanced greater than -32

4 Medium Gray =32 to 41

5 Light Gray -41 to 52

6 Dark Gray -52 to -58

7 Black -58 to -62

8 Repeat Gray -62 to —-80

9 White ' less than -80

a. Determining the active portion of the thunderstomm system

The first step is to examine the shape of the cloud to
determine if it is comwective (round, oval, carrot-shaped, or triangular) using
both VIS and IR imagery. Then, one detemmines if the convection is deep by
checking whether the cloud top reaches the first or higher level of contoured
enhancement using entanced IR imagery.  Once both of these criteria are met, one
must determine the active portion of the thunderstorm system, since rainfall
estimates are computed only for this region. Step 1 in Teble 3 lists several
clues for helping to identify the active portion. For example, in moderate to
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Table 3: The Scofield-Oliver Convective Rainfall
Estimation Technique. .

15



strong vertical wind shear emvirorments, the heaviest rain often falls in the
upwind-edge of wedge-shaped clusters, where the enhanced IR temperature gradient
is the tightest. Comparison of two successive pictures shows the motion of the
anvil edge, which is usually greatest in the domwind direction. The heaviest
rain is under the part of the anvil which moves the least. Also, the clouds are
brightest and sametimes textured at the upwind end. Upper level (300 mb)} wind
charts can be used for determining the vpwind direction. For thurderstorms in
an ervironment that has no vertical wind shear, there often is a uniform IR
tamperature gradient around the entire anvil and the active area is near the
center of the anvil.  Active portions alsc are located under overshooting tops
(in VIS imagery). Other clues would be where low-level inflow is indicated in
VIS imagery or where there is a radar echo associated with the cloud feature in
the satellite picture.

b. Coud-Top Temperature and Growth Factor

As shown in Factor 1 of Table 3, the half-hourly rate of
areal expansion of the coldest tops (measured in degrees of latitude) determines
the rainfall rate assigned fram this factor. As the coldest tops increase in
area, the rainfall rate increases. Note that when the coldest tops begin to
warm, estimated rainfall amounts range from only a Trace to .10 inches. The
growth is measured along the largest axis of the coldest tops in either picture.
An example of this is shown in Figure 8 (Spayd, 1985). Suppose that the 1900
GMT satellite picture cansists of an oval-shaped thunderstorm cluster possessing
a light gray MB—<urve enhancement. Now suppose that by 1930 GMT the light gray
area has decreased in size, but there is a small area of dark gray enhancement
(even colder tops). The "growth factor™ of the SOCRET would assign a rainfall
rate of 0.2" per 1/2 hour in the region of these colder tops (see Table 3)
because the dark gray has increased fram zero areal coverage at 1900-GMI to
sarething less than 1/3° latitude at 1930 @4,

1900 GMT | 1930 GMT

— . I"u.we.

Figure 8. An example of the interpretation of the SOCRET
"Cloud Top Temperature and Growth Factor® (MG = medium gray,
1G = light gray, DG = dark gray.)

c. Divergence Aloft Factor

This factor should really be named the "Diffluence Aloft
Factor." It is used when the IR imagery shows "edges of thunderstorm anvils
along the vpwind end forming a large angle {between 50-90 degrees) pointing into
the wind." 'These stonms often occur just downwind fram where the 200-mb polar
front jet and the subtropical jet separate. This "Diffluence Factor™ assigns to
the coldest tops amounts ranging form 0.15 inches to 1.00 inches, depending on
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the enhancement shade. Note: This factor is cnly used if there is strong
diffluence aloft ard the "Diffluence Factor" gives a higher rainfall estimate
than the "Cloud Top Temperature and Growth Factor." Only one of these two
factors is counted -- whichever is greater. "This factor may also be used for
MCC')S exhibiting pronounced anticyclonic cutflow (divergence) aloft" (Scofield,
1984).

d. Overshooting Top Factor

' Rainfall is often enhanced uwnderneath overshooting tops,
which are more easily recognized in the higher resclution (1 km} VIS pictures
than in IR imagery. In VIS imagery, overshooting tops are guite bright and
textured; in the IR, they are very small (only a pixel or two wide} and cold
(usually colder than —-62°C). In the IR, they are often difficult to distinguish
fram embedded cells in the dowrswind part of the anvil cirrus or simply from
locally higher or denser cirrus clouds. Rainfall rates assigned fram this
factor range from 0,30 to 0.50 inches per half-hour (see Table 3, Factor 2) and
are added only to the regions of the overshooting tops. Note the apparent
inconsistency in the values in Table 3, Factor 2. Colder clouds receive less of
an addition fram this factor than wamer clouds! This is because verification
of the original SOCRET showed that the carbination of all of the other factors
led to overestimates for colder tops and wnderestimates for warmer tops. Thus,
the "Overshooting Top Factor" is strictly an empirical correction factor.

e. Thurderstorm or Convective Cloud Line Merger Factor

When thunderstorm clusters or lines merge, there is an
explosive, rapid cocling of tops and there can be a dramatic increase in rain-
fall rates. This ™Merger Factor" adds 0.50 inches per half-hour (see Table 3,
Factar 3) to the satellite precipitation estimate for oolder tops in the area of

 the merger, regardless of the enhancement shade of these colder tops.

f. Saturated Enviromment Factor

This factor assumes that when a thunderstom cluster remains
over the same area for at least one hour, a large area has becane saturated to

_great heights, with dry air no longer entraining into the sides of individual

updrafts in the center of the cluster. Storms in the interior of the cluster
have rainfall rates much greater than that for isclated stomms. Rainfall rates
ranging from 0.20 inches to 0.50 inches per half-hour are added to the estimates
for the coldest statiomary tops (see Table 3, Factor 4). According to Scofield,
this factor may also be used for thunderstorms that regenerate at the same
location and traverse the same path.

g. Moisture Correction Factor

This factor is used to account for the influence of dry or
moist enviromments on the amount of rainfall produced by thunderstorms. Origi-
nally, this factor equalled the current precipltable water (W), divided by 1.5
inches (the average FW on which the technique was based). Statistically, how-
ever, better estimates are cbtained by using the current, modified moisture
correction factor (see Table 3, Factor 5), which multiplies the P4 (sfc-500 mb)

17



by the mean relative humidity (RH) (sfc-500 mb). Thus, a high BN content will

not produce as much rain as expected if the RH is very low. If thunderstorms
form along a tight gradient of P4 and RH, the estimetor assumes the low level ‘)
inflow is fram the moist air and uses the higher values of each. It should be

noted that simre facsimile copies of PW and RH are anly available every 12

hours, old charts must be adjusted for moisture advection.,

h. The Total Half-Hourly Convective Rainfall Estimate

Rainfall amounts fram factors 2-6 above are sumed ard then
multiplied by the Moisture Correction Factor in Section 7 above. This is the
official satellite rainfall estimate.

i, 2n Exception: Warm Top Convection

Quite often, especially in the winter, tinmderstorms are
capped by a low tropopause or a stable layer below the troporpause., Therefore,
the cloud top temperature at the tropopause might only be -46°C (for example),
not -70°C. However, even thoaugh the thunderstorms possess only a "light gray™
~ enhancement in the satellite imagery, they have realized their thermodynamic
potential and are releasing aburdant rainfall. The rainfall rate is greater
than what would be predicted using values for the standard "light gray" enhance-
ment, The "wam-top" modification for a given location irnwvolves the calculation
of the equilibrium level (or expected thurderstorm anvil height) fram the near-
est and most recent saunding (see Figure 9). The temperature corresponding to
this equilibrium height is then assigned the rainfall rate of the warnmest
"repeat gray" level (-62°C to -67°C). This adjusted cloud-top temperature is B
used for factors 2-6 above. :)
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Figure 9. Warm Top Modification to the Convective
Technique. (from Scofield, 1984)
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3. Limitations of the Satellite Sensor and Implications for the
Assigmrent of Isohyets

When interpreting enhamced IR satellite pictures, the metecrolo-
gist must be aware that the satellite sensor cammot respond fast enough to large
changes in temperature in the horizontal. The result is that the IR enhancement
is often displaced in a dowrwind direction. (This is different froam the
dowrwind displacement discussed earlier which occurs due to strong vertical wind
shear.) Also, due to the limitation of the sensor and the fact that the
satellite scans fram west to east, sometimes the coldest thumderstorm top ap—
pears too wamm in the enhanced IR picture. These effects are most pronounced in
very localized, strong thuderstomm towers, where there can exist a large
tamperature difference between the warm ground under sunny skies and the cold
tower. The displacement effect also can be important in small, wedge-shaped
thunderstomm clusters, where the IR temperature gradient is strong (see Brady's
Berd Flood case, Scofield, 1981). For circular clusters or MCC's, which often
ave a weak IR gradient, this effect is not very important. There are cbvious
implications for the assigment of ischyets. COontours of estimated rainfall
mist be displaced upwind just a little bit to coxrect for the dowrwind displace-—
ment and the estimator must carefully evaluate the true height of the coldest
tops using upper air and radar charts. The following two examples will illus-

. trate these problems:

EXAMPLE 1 (see Figure 10a): Suppose that a smell thunderstorm cluster forms
with a mean west wind blowing the cirrus dowrwind to the east. If the
thunderstorm cloud tops and the anvil cirrus have a temperature of -70°C
ard the surrounding warm ground is at +30°C, then the AT=100°C. The satel-
lite sensor can respord to a AT of only 26°C per pixel. 8o, it takes four
pixels to respord to this AT of 100°C. As the satellite scans from west to
east, the first two clear pixels are a warm +30°C. The third pixel's
average temperature might be only 416°C because a small part of the area
had been influenced by the -70°C storm, The next pixel, which is covered
entirely by -70°C clouds is only able to register -10°C, since this is 26°C
less than the previous pixel. Similarly, the next pixels' temperatures
decrease in increments of 26°C until the -70°C is reached. Tihus, the
resulting IR enhancement is displaced dowrwind of the coldest tops. The
"repeat gray" level is not achieved until four pixels dowrwind. One image
pixel as represented on the McIDAS computer or on a hard-copy satellite
photo covers 4 km from east to west and 4 km fram north to south at the
satellite subpoint. Because the earth is-an dblate spheroid, the same size
pixel projected onto the earth's surface at 40°N latitude covers roughly 6
km on a side. Thus, a four pixel displacement in the Midwest is on the
order of 24 km — this could mean the difference between a flood on one
side of town versus the other. In Figure 10a, notice that the enhancement
jumps fram "medium gray™ to "black® without any "light gray" or "dark
gray.” While this does occasionally occur, it is much more cammon to have
a continuous progressian of MB-enhancement shades. The presence of low or
middle clouds uswally tends to smooth cut the temperature gradient
samewhat.

19



o

-

// _ _l wT’:
Ul warn (+30%) ; - id ‘m:d- - Gne west-to-east ¢
- £ p N 3 » LE ]
ﬁ} STC’UHJ l @_--/' -VII ci I'T'ﬂ-?.. = gg:trl;’?('_,"c:césﬁﬂsn
P b9 +16 -0 '=3& —-62 =70 -T0 Tenperadures(°CY and .
| +30 ' Mg-t“nmamtnt shades ¢

pe— e M.S-EHNAA:!H&.IT-——P; (ma) (B) (R&) (R@) the torresonding pitels abeve:
I

Figure 10a. Depiction of Example 1. Enhancement is
displaced downwind (MG = medium gray, B = black, RG = repeat
gray) {(from Spayd, 1985).

EXAMPLE 2 (see Figure 1(b): Given the same situation as in Example 1, except
with a mean wind fram the south, what will be the result? As the satellite
scans fram west to east, it measures the warm +30°C ground to the west of
the storm. Because of the 26°C AT constraint and the narrowness of the
storm, the coldest pixel might only reach -10°C (still unenhanced) before
warming back up to 430°C to the east of the storm. Thus, the scan line
shown in Figure 11 campletely failed to capture the -70°C thunderstorm!

The only way that -70°C could be accurately depicted in the IR entancement
is if the anvil to the north beoomes wide encugh to allow the sensor to
detect the AT of 100°C (four pixels). Thus, if scan lines to the north of
the mein thurderstorm towers reach the "repeat gray" enhancement, this
again represents a displacement of the IR enhancement in a downwind direc—
ticn.
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Figure 10b. Depiction of Example 2. Magnitude of narrow
thunderstorm tower is -60°C too warm.

Another factor which causes displacement of the colder tops in satellite
imagery is parallax. Objects, such as thunderstorms, which are above the
earth's surface interfere with the direct "line-of-sight" from the satellite to
the earth. Their projection onto the earth's surface is displaced nortlward (in
the Northern Hemisphere) because the GOES satellite is in orbit above the
equator, Over the central United States, there also is a westward camponent to
the displacement because the GOES-East satellite {from which data was used in
this case study) is geostationary above 75° West longitude. The taller the
thunderstorm, the larger the displacement. Figure 11, taken from a NESDIS
Satellite Applications Laboratory training exercise, shows the distance and
direction a 40,000 ft top must be moved in order to place it in its correct
location over the earth's surface. Over Missouri, the parallax error is on the
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- order of 10 km, or roughly two pixels in an infrared image. While parallax is
| \ not a limitation of the satellite sensor, it is mentioned here because it does
-/ displace colder thunderstorm tops by a small amount.
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Figure 11. Distance (n mi) and direction at 40,000 ft. top
o must be moved to place it over earth's surface (for 60,000
ft. tops, add 50%; for 20,000 ft. tops, subtract 50%).

C. MIDAS ANALYSIS PROCEDURE

The physical set-up for the camputation of estimates consisted of a
camuter terminal (keyboard and CRT screen) with a video monitor for displaying
satellite imagery and a joystick control for positioning the cursor. This
McIDAS system has the ability to digitally store at least eight consecutive
visible images and at least eight infrared imeges., One can easily flicker
between VIS and IR images for the same time. The images can be put into motion
ard the dwell rate can be manually adjusted. In addition, the McIDAS systam
has the ability to store at least sixteen graphics frames,

The McIDAS systan used for this study similated the capacities of the
Interactive Flash Flood Analyzer (IFFA - an earlier version of the current
McIDAS) at the Synoptic Analysis Branch of NESDIS in Washington, D.C. The IFFA
uses an older Harris camuter system, but a new IBM system is used at the
Tniversity of Wisconsin. Therefore, there were sawe different camands and the
program had to be adjusted a little. The program at Wisconsin was adjusted to:

(1) allow ischyets of estimated precipitation to be drawn. (A closed
contour was drawn by comnecting a series of short line segments.)

{(2) allow values to be assigned to the contours after they were drawn.

)
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(3) assign the specified values to all grid points that lay within the : .
contour. Thus, cuter (smaller valued) contours had to be drawn />
before imer (larger valued) contours. .

The spacing between grid points was selected to be 0.2°C of latitude and
longitude (22 km orz14 miles), since this is about the accuracy of current
operational estimates (Field, 1985L).

Since it was necessary to create an MB-curve enhancement, the standard
McIDAS IR enhancement curve had to be adjusted. A stretching teclmique was
used, whereby detail in the lower brightness (or count) values was sacrificed in
order to get more detail in the higher brightnesses (see McIDAS Training
Manual). These "stretched" count values then were enhanced with colors that
corresponded to the same temperature cutoffs as the MB—curve, used in the
Scofield-Oliver Technique. An exanple of the color ephancement is shown in
Figure 12. (For non—c¢olored renditions of this figure... "™Medium Gray"=purple;
"Light Gray™=red; "Dark Gray"=green; "Black"=blue; "Repeat Gray“=sky blue;
"hite=white.) The vellos at the green-red interface in Figure 12 resulted
fram the color xeroxing process and was not used in the research.

Satellite precipitation estimates were camputed each half-hour for a 24-
hour period over the southern Midwest from 127, July 20 to 127, July 21, 1881,
A separate grid for each half-hour of estimates was saved. The 48 half-hourly
grids of estimetes then were added together to meke a 24-hour total. The fol-
lowing data sources were used in the camputation of estimates: satellite
pictures (1 km ViS; 4 km IR that is represented to the equivalent of 1 km
resolution), MMC surface, upper air, RH, PW¥, and radar charts, and hourly sur-
face dbservaticns. Other data that were used, but that did mot explicitly enter )
into the calculations included soundings (based on mandatory and significant =
level RAOB data) and hard-copy satellite pictures of the entire U.S. with county
overlays (to get an overview of symoptic features).

There were several types of storms irvolved in this case study. The
precipitation which fell in Missouri, southern Illinois, western Kentucky, and
western Tennessee was mainly from a regenerative wedge type of convective thun-
derstorm cluster. Figure 12 shows this wedge after it had just formed late in
the day on July 20, 1981 in Missouri. In Oklalome, there was a cambination of
squall line amd single-clustered thinderstorms. These moved into Arkansas by
the early morning on July 21, 1981, Other shorter-lived cells cccurred in the
drier air in westerm Kansas.

Several of the factors in the Scofield-Oliver Technique were taken into
account in camputing the satellite estimates. In particular, explosive mergers
occurred with the wedge system as it progressed through southeastern Missouri,
where there was strong moisture flux convergence. Also, the clusters in north-
western Arkansas on July 21 were stationmary for several hours., There were
mumerous instances where the overshooting top factor was used. No warm-top
cawection occurred on these days. The megnitudes of the estimates for this
case study were subjectively adjusted up or down (by approximately 15%) to
include the effects of moisture flux convergence into an area., These fields
were derived by McIDAS using hourly surface cbservation data (Figure 13).
Although the Technique prescribes a modification of ©ld RH and PW charts to
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Fiqure 12. Infrared satellite photo of wedge-shaped thunderstorm
cluster over Missouri at 19302 on July 20, 1981, color enhanced
with MB-curve temperature thresholds.
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Figure 13. Surface moisture flux divergence at 6-hour intervals
starting at 15Z July 20, 198l. Units are x 10~8gec—1

Negative
areas (dashed) represent convergence.
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account for moisture advection, it was felt that moisture flux comvergence
would be an even better modification, since it includes both an advective term
and a cornvergerce term (see equation below):

> &> >
VegV = gV*V V*Vg

Note the comvergence maximum over Missouri at 21007 (Figure 13)}. Storm
growth and decay was highly correlated with these fields,

It should be noted that the estimation procedure used in this research -
differed from that used by NESDIS' Synoptic Analysis Branch in two ways: (1)
for this research, every comwvective event was estimated, not just those with
flash flooding potential, and (2) the estimator was not concerned with which
county the storms were in.

IV, OBSERVED RAINFALL

A dense network of rainfall dbservations was cbtained from the Natiocmal
Weather Service Ccoperative Observer reports listed in the July, 1981 Climato-
logical Data (D) for thirteen states in the Midwest. For the most part, these
included reports fran Class 1 and Class 2 Cooperative Observers. ((lass 1
observers report at a specified time every day and Class 2 dbservers report only
when the rainfall total surpasses a given threshold amount--usuzally taken to be
0.1".) A list was compiled of 24-hour reports, measured fran 7AM-72M on July
20-21, since these correspond to 122-127, July 20-21 (see Appendix C). This
enabled the cbserved reports to be campared with the satellite estimates and
model forecast for the same time period.

Another data source used was the Hourly Precipitation Data (HPD}, which is
available fram the Mational Climatic Data Center in Asheville, North Carolinma.
It gives an hour-by-hour listing of precipitation for those stations which have
recording rain gauges. Thus, stations which reported at a time other than at
7AM in the D were now able to be considered, since it could be determmined
during which hours the precipitation fell. This was egpecially important
because in the CD, cbservations fram all National Weather Service Offices are
reported fram local midnight to local midnight, instead of 72M to 7AM, These
could now be included.

The stations fram the original 72M-7AM list fram the CD were then campared
with those in the HFD (if they had a recording rain gauge) to double-check that
the 24-hour total rainfall reported in the CD did in fact fall between the hours
of 72M ard 72M. Several mistakes were found. For example, the (D listed David
City, Nebraska as leving had 0.53" from 72M-7AM (12Z-12Z) ending on July 21.

But the HFD showed that the 0.53" actually occurred later on July 21 (from 132~
18Z). These erronecus reports were deleted fram the data.

When one campares reports fram the (D with those fram the HFD, differences
may be found, usually to only a small degree, According to Dr. Doug Clark,
Wisconsin State Climatologist, this is because the data came fram different
weighing gauges, located at the same station. For example, at Centralia,
Missouri, there are more than a dozen rain gauges, The CD reports rainfall fram
the Standard eight-inch gauges, except for Maticnal Weather Service statioms,
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which use Universal eight-inch or 12-inch gauges. The HED reports rainfall - -
from both the Universal eight-inch or 12-inch cauges (which have strip charts) />
and the Fisher-Porter gauges (which have punched tape instead of a strip chart). .
Most reports fram the HFD are rounded to the nearest tenth of an inch, whereas

the CP reports to the nearest hundredth. The CD is generally considered to be

more reliable and its values were used when both data sources were available

for a given location.

The Mational Meteorological Center provides a 24-hour cbserved rainfall
chart, which is available only over the NAFAX/DIFAX weather facsimile circuits.
Howewver, for the 24 hours ending at 12Z on July 21, 1981, this chart was lacking
a significant amount of data and thus was unable to give an accurate represen-
tation of what actually cccurred. The more than 300 cbservations acquired from
the (D and HPD for 7aM-7AM (122Z-12Z) were invaluable. However, there still
ramained large sections of several states which had data voids., Because many
Cooperative (bserver reports are made fram 8AM-8AM (137-13Z), the data set was
expanded to include these, The additional reports gained in this manner helped
fill large gaps in the precipitation data. (See Appendix B for an example of
the effect of adding 8aM-8AM reports in Kentucky.) Treating these 13Z-13Z
reports as being 12Z-12Z cbservations may have introduced same error in the data
set. In regions where precipitation occurred fram 12Z-13Z on July 20, the 8aM
reports will be too low, since they do mot include this. Similarly, in regions
where rain fell fram 122-13Z on July 21, the 8AM totals will be overstated.
Nevertheless, same 8AM-82M reports were included in the data set because it was
felt that the improved spatial resolution fram the inclusion of these additional
reports probably far outweighed any magnitude error which mey have been intro-

duced, D

Once the data were gathered, the observed amounts and locations were
entered into the McIDAS system, The actual uncontoured cbservations for each
state (from 7AM, July 20 to 8aM, July 21) can be found in Appendix D (plotted
maps) .

V. THE SUBSYNOFTIC SCALE MODEL

The Subsynoptic Scale Model (SSM) is a mesoscale mmerical model that was
developed and tested by the Australian Bureau of Meteorology (ABM) and the
ABustralian Numerical Meteorology Research Center (ANMRC). Since its inceptiom
in 1972, it has wmdergone many revisions. The SSM has been and currently is
being tested at the Space Science and Engineering Center and the NOAA/NESDIS
Research Development Laboratory at the University of Wisconsin—Madison.

*The model originally was formulated by Maine (1972} and later substan-—
tially revised by Noar and Young (1972)" (McGregor, Leslie, and Gauntlett,
1978). It was implemented as a regiomal operatiomal model by the ABM in
Septamber, 1977, after many revisions had taken place. One major revision
included the use of primitive equations (McGregor, Leslie, and Gauntlett,
1978), after which the model became known as the Australian Region Primitive
Equations (ARPE) model. BAnother revision included the introduction of a stag-
gered horizontal grid (McGregor and Leslie, 1977). The exact formulations used
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for the staggered horizontal grid are given in Mills et al. {1981). Other -
improvements to the model are discussed in Leslie, Mills, and Gauntlett (1981)
and in Mills and Hayden (1983).

For use in the United States, "the finite differencing scheme devised by
Corby et al. {1972) to minimize truncation error in pressure gradient temms over
regions of steep topograply has been included in the ANMRC code" (Mills and
Hayden, 1983). A Kuo-type convective parameterization scheme (see Xuo, 1965,
1974) has replaced the Arakawa-Schubert scheme described in McGregor, Leslie,
and Gauntlett (1978). Also, a much more comprehensive planetary boundary layer
(FBL) scheme has been included (Mills, Diak, and Hayden, 1983)}. The scheme
includes stability-dependent eddy vertical diffusion in the PEL (Blackadar,
1974) for heat mamentum ard mpisture, a similarity-theory surface layer
(Businger et al., 1981), a description of the effects of atmosphere and clouds
an the surface radiant flux (Katayama, 1972; Paltridge and Platt, 1976), and a
surface energy balance equation.

The SSM's horizontal resclution, which was tested operaticnally at 250 km
now has been upgraded to 67 km or 134 km. (The reason for the upgrade was to
make it campatible with the resolution of satellite sourding information.)

Thus, its grid spacings are smaller than those used in current operational
nurerical weather prediction models by the Matiomal Meteorological Center (NMC).

. For the July 20, 1981 case study, a resolution of 134 km was used. The main

reason for this was that the model had already been run by NESDIS and no further
costs would have to have been incurred. The model was initialized at 1200 GMT,
July 20, 1981. A summary of the latest SSM characteristics —- those which were
amployed in this case study — is shown in Table 4.

The precipitation forecasts produced by the SSM are broken down into
large~scale precipitation and corvective precipitation., For this case study, it
so happened that all of the modeled rainfall was of convective origin. This is
fortunate, since a camparison is being made between the SSM and satellite
precipitation estimates derived fram a purely convective technique.



Table 4

Prognosis Model Characteristics | j
(fram Diak et al., (1985)) ..

Primitive equations model in O-coordinates

Ten vertical levels at ¢ = .09, .19, .29, ..., .99
Horizontal resolution: 67 km or 134 km

Staggered horizontal grid (Arakawa "C" grid)
Lambert Conformal horizontal grid projection
Semi~implicit time differemcing (At = 10 min,)
Similarity theory surface layer

Stability dependent vertical diffusion of momentum, heat, moisture above
surface layer through depth of PHL

Surface short wave and long wave flux modified by cloudiness

Surface energy balance egquation

Large—-scale precipitation

Kuo—-type corwvective parameterization \)
Horizontal diffusion of momentum, heat, and moisture

Updated boundary conditions

VI. SVMDOTHING REQUIREMENTS FOR DIFFERENT (OMFPARTSONS

In order to be able to dbjectively evaluate and campare the model, esti-
mates, and cbservations, it was desired to have grids with the same spacing and
location. This would allow MIDAS to easily subtract the grid point values to
cbtain difference fields. BHowever, this required interpolating cbservations to
a uniformly spaced grid. The most noted examples of using weighted averages to
interpolate to a uniform rectangular grid are the methods of Cressman (1959) and
Barnes (1964), The interpolation scheme that McIDAS employs is called a "Fast
Barnes Analysis"™ (Hibbard and Wylie, 1985).

The results from the "Fast Barnes Analysis"™ are nearly identical to those
cbtained using the standard Barnes technique, but are able to be calculated
much more quickly. If x mumber of cbserved data points are to be interpolated
to v muber of grid points, the computing time used by the Barnes and Cressman
methods is proportional to xy, whereas the "Fast Barnes™ method's time is pro-
portional to xty. The only ingtance where deviatioms fram the Barnes method can
result are in large data void areas, where information has to be extrapolated
over long distances (e.g., 850 mb radiosonde temperatures over the Rocky
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Mountain states). However, for this case study, a dense network of cooperative
abserver reports and satellite estimates were available. For more information
on the "Fast Barnes" method, refer to the Hibbard and Wylie paper.

The weighting factor used by McIDAS as a function of search radius away
fram the particular grid point in question is given by:

- 10 ( r 2)
SMOOTH INC
W= e
where r = distance fram grid point to cbservation
INC = grid point spacing = 4% = 0.2° latitude = 22 km
SMOOTH = amoothing factor; an integer keyword on McIDAS.

Since the rainfall cbservations were at randamly oriented positions, they
had to be interpolated to grid points and it was advantageous to use a mininum
of smoothing. Using the above formula, in order for the "e—-folding radius of
influence® (i.e., that distance within which the weighting is higher than 1/e
and cbservations significantly contribute to the final value at the grid point)
to be equal to 1 Ax (22 km), the smoothing factor had to equal 10. This low
smoothing factor was applied to the cbserved rainfall data. To be comsistent,.
it also was applied to the satellite estimates, even though they were already at
grid points. There was little moticeable change in magnitude or location when
this minimal amount of smoothing was applied. In this way, the estimates and
cbservations were campared,

While the aforamentioned grids were "pseudo-latitude-longitude® projections
with spacings of 22 km, the SSM model had a Lambert Conformal projection with a
grid spacing of 134 km. A regridding and interpolation program developed by

© Geary Callan of the NESDIS Development Laboratory was employed to change the

Lambert Confarmal projection to the pseudo-latitude-longitude projections of the
estimates and cbservatians. (This was necessary in order to be able to cbjec-
tively verify the SSM model on a cammon grid with the estimates and dbserva-
tions.) The program (named "REED" on McIDAS) produced a model value every 22
km, even though in reality the true model resolution remained at 134 km. Since
model precipitation values represent a large area average, it is not wvalid to
directly campare them with the slightly smoothed estimates cr cbservations. It
is necessary to filter ocut small-scale features fram the estimates and cbserva-
tions. Given the e-folding constraint that w = e™1 and given INC = 22 km and T
= 268 km (=2 Ax, the minimum needed to define a wave), it can be seen by
plugging these values into the above weighting factor formula and solving for
"SMDOTH™) .that the smoothing factor had to be increased to 1,484. The exact
degree to which different wave length features were filtered cut can be deter~
mined by the Barnes Response Function (see Maddox, 1980). Thus, this large
smoothing factor was applied to the estimates and dbservations for model verifi-
cation. As a result of this large smoothing, maximm rainfall cbservations of
2.8" were reduced to nearly 1.0" (because the rainfall is spread out over the
surrourding area} and there was same displacement of the maxima. The same
reductions in magnitude and displacement of the maxime occurred when this high
smoothing factor was applied to the satellite estimates.
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Finally, a camparison was then made between the highly smoothed satellite '/)
estimates and cbservations.

ViIi. COMPARISONS

A, ESTIMATES VS, OBSERVATIONS —— LOWN SMOOTHING

Figures 14-16 give an overview of the cbservations, satellite estimetes,
and a difference field (estimates minus cbservations), respectively, using the
low smcothing factor. Detailed close-up maps will follow. MNote that the con-
tour intervals are not the same for each of these figures. The precipitation
associated with the regenerative convective wedge can be seen over east central
amd southeast Missouri in both the estimates and the cdbservations. Rainfall
associated with the multiple clusters of thunderstorms in eastern Oklahoma and
Arkansas also is depicted in both the estimates and cbservations. From Figure
16, it appears that there were large overestimates in these regions. No precip-
itation was observed at any of the reporting stations in central and western
Oklahoma, where estimates fram a squall line and subsequent single—clustered
cells were derived, In the drier air over Kansas, rainfall fran more isolated,
single-clustered thunderstorms is depicted.

The cbservations, satellite estimates, and a difference field (estimates
minus cbservations) for Arkansas are shown below in Figures 17-19, respectively.
The estimates are in relatively good agreement with the dbservations with
respect to location. The orientation of the entire estimate area as well as the
location of the estimated maxima (Figure 18) corresponds closely to the
precipitation area depicted by radar (Figure 4). However, there appear to be )
many overestimates. Figure 19 reveals two main overestimate areas of about 4", h
Much of this can be attributed to the sparsity of data in Arkansas. Figure 20
shows the distribution of the uncontoured cbserved data in Arkansas. The
largest gaps were in the regions of the large errors in Figure 19. Thus, nearly
4" may actually have fallen, as suggested by radar, but was not officially
cbserved. An examination of the digital printout of the gridded difference
field (not shown here) showed that had the 4" estimate in nortlwest Arkansas
been one grid point to the west, the 4" overestimate would only have been a 1.5"
overestimate, This slight displacement probably resulted fram the slight inter-
polation that wes done. Another factor c¢ould also have contributed to over-
estimates. The McIDAS analysis procedure was such that even if the thunderstorm
cell was very small, the ischyet had to be drawn large enough to ensure that it
captured at least one grid point. For all of these reasons, loocking only at
difference fields can be misleading. The author's estimates compared favorably
to those issued to the Mational Weather Service by the NESDIS Synoptic Analysis
Branch {SAB) on the days of this study. SAB estimated a rainfall rate of
2.5"/hour for Pulaski County in central Arkansas fram 0900-1000 GMT on July 21,
with a two-hour accumlation of 3.9" fram 0900-1100 @T'. The author estimated
an hourly rate of 2.4" ard a three-hour (09500-1200 GMT) total of 4.2"%,

Cbservations, satellite estimates, and difference fields for Missouri/
I1linois/Kentucky/Tennessee and Kansas/Oklahoma are shown in Figures 21-23 and
24-26, respectively. The estimated areas and orientation of the mexime campare
well with the cbserved data, with a few exceptions. The report of 1.76™ at Van
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'CONTOURS ARE EVERY 0.20 INCHES OF PRECIPITATION
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Figure 14. Overview of observed precipitation (for the 24-hour period

starting at 122, July 20, 1981) with low smoothing factor. Contours
every 0.2" starting at 0.2".
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CONTOURS ARE EVERY O.10 INCHES OF PRECIPITATION
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Figure 15. Overview of satellite rainfall estimates (for the 24-hour

period starting at 12Z, July 20, 1981) with low smoothing factor.
Contours every 0.1" starting at 0.1".
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CONTOURS EVERY 0. 50 INCHES: DASHED=NEGATIVE
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Figure 16,

Overview of difference field (minimally smoothed estimates

minus observations) for the 24-hour period starting at 122, July 20,
1981. Contours every 0.5" starting at 0.5"; dashed=negative.
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Figure 17. Observed precipitation for the 24-hour period starting at

122, July 20, 198l1. Contours every 0.4" starting at 0.4"; labels

every 0.8"., Low smoothing.
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Figure 18. Satellite rainfall estimates for the 24-hour period starting
at 12Z, July 20, 1981. Contours every 0.4" starting at 0.4"; labels

every 0.8". Low smoothing.
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Figure 19.
at 1272, July 20, 1981.
dashed=negative. Low smoothing.

Estimates minus observations for the 24-hour period starting
Contours every 0.4";

labels every 0.8";
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Distribution of rain gauge observations in
Rainfall amounts (in hundredths of an inch)
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Figure 21. Observed precipitation for the 24-hour period starting at
12%Z, July 20, 1981. Contours every 0.4" starting at 0.4"; labels

every 0.8". Low smoothing.
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Figure 22, Satellite rainfall estimates for the 24-hour period starting at
12Z, July 20, 1981. Contours every 0.4" starting at 0.4"; labels

every 0.8". Low smoothing.
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Figure 23.
at 122, July 20, 1981. Contours every 0.4"; labels every 0.8";
dashed=negative. Low smoothing.

Estimates minus observations for the 24-hour period starting




7

Figure 24.

Observed precipitation ror the 24-hour period starting at

12%Z, July 20, 1981. Contours every 0.2" starting at 0.2"; labels
every 0.4". Low smoothing.
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Figure 25. Satellite rainfall estimates for the 24-hour period
starting at 122, July 20, 1981. Contours every 0.2" starting at

0.2"; labels every 0.4". Low smoothing.
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Buren in southern Missouri was prabably incorrect, simnce satellite imagery did
not show any convection there, radar indicated little or no precipitation, and
the Mationmal Meteorological Center's (MMC) in-house cbservations chart did not
show any rainfall there. This accounts for the cbserved maximm which appears
in Figure 21 and the underestimated area in southern Misscuri in Figure 23.

Al though an estimate maximum appears in nortlhwest Temnessee (Figure 22) instead
of in mortheast Arkansas (Figure 21), the estimates in the Missouri Bootheel
generally are within 0.5" of the cbservations. Also, a wedge of estimates less
than 0.4" in southeast Missouri corresponds to a wedge of cbservations less than
0.4" in the same area. Rainfall fram the heavy, but short-lived thunderstorms
in western Oklahoma (noted earlier in Figure 3) is depicted in the estimates
(Figure 25) but not in the dbservations (Figure 24). Finally, the cbservations
and estimates in western Kansas (Figures 24 and 25) are very similar. However,
the two maxima are slightly displaced fram one ancther. This, of course, is
what led to the overestimate/underestimate couplet shown in the difference field
(Figure 26). ,

B. SSM MODEL VS. HIGHLY SMOOTHED OBSERVATIONS AND SATELLITE ESTIMATES

The modeled precipitation is shown in Figqure 27. The SM did not camne
close to reflecting what actually transpired. It did predict a band of convec-
tive rrecipitation along the cold front, but it was too far north and the maxi-
mun rainfall predicted was less than 0,2"*! (Unfortunately, the magnitude of the
modeled precipitation was not known until most of this project was near
campletion.) On the positive side, the modeled precipitation was entirely of
corvective (not large-scale) origin and convective activity is what produced the
rainfall on July 20-21, 1981.

The highly smoothed cbservations and satellite estimates (which are valid
camarisons to the SSM data) are shown in Figures 28 and 29, respectively.
Because the modeled precipitation did not coimncide with either the cbserved or
estimated rainfall, difference fields between the SSM ard the cbservations
{Figure 30} and between the S ard the estimates (Figure 31) did not provide
new information. Statistical calculations, such as the Threat Score*, might
have been useful if applied to rainfall categories greater than 1/2" or 1".
However, because the SSM predicted so little precipitation, Threat scores for
all thresholds greater than 0,.2" were meaningless (= 0).

* Threat Score is defined as:

# intersections ,
# pts, predicted + # pts. cbserved - # intersections

C. ESTIMATES VS. OBSERVATICNS -- HIGH SMDOTHING

- A canparison of Figures 28 and 29 yielded an interesting result: when the
estimates and cbservations were smoothed to a large degree, they were extremely
similar. Almost ail of the axes of the contours were identically aligned.
McIDAS calculated that cut of the 599 grid points that had estimates of between
0.5" and 1.0", 511 verified in this range, thus leading to a "Post-Agreement”
skill score of 85 percent. The difference field (highly smoothed estimates

43
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Figure 26.
at 12%,

Estimates minus observations for the 24-hour period starting
July 20, 1981. <Contours every 0.2"; labels every 0.4";

dashed=negative. Low smoothing.
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CONTOURS ARE EVERY 0,035 INCHES OF PRECIPITHTION
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Figure 27. Modeled precipitation (from the SSM) for the 24-hour
period starting at 122, July 20, 1981. Contours and labels
every 0.05" starting at 0.05".
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Figure 28. Observed precipitation for the 24-hour period starting
at 12Z, July 20, 1981. Contours and labels every 0.1" starting

at 0.1". High smoothing.
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CONTOURS ARE EVERY 0, 10 INCHES OF_PRE_CI?I_THTION R

Figure 29. Satellite rainfall estimates for the 24-hour period

starting at 122, July 20, 1981. Contours and labels every 0.1"
starting at 0.1"., High smoothing.
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Figure 30. Modeled precipitation minus observed precipitation for
the 24-hour period starting at 12Z, July 20, 1981. Contours and
labels every 0.2" starting at 0; dashed=negative. High smoothing.
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CONTOURS EVERY 0.20 INCHES: DASHED=NEGATIVE
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Figure 31. Modeled precipitation minus satellite rainfall estimates

for the 24-hour period starting at 12Z, July 20, 1981.
and labels every 0.2" starting at 0; dashed=negative.

Contours
High smoothing.



minus cbservations) is shown in Figure 32. The differences are much closer to ‘ f)
zero than those in Figure 16, In fact, even same underestimates became
apparernt.

VIII, SUMMARY AND CONCLUSIONS

The goal of this project was to show that satellite-derived precipitation
estimates can be a viable altermative to surface-based dcbservations and that
they can be used to verify a mesoscale numerical model. To accamplish this, an
intercamarison between satellite rainfall estimates, ground-based cbservations,
and modeled precipitation has been performed.

Because of the often short-~lived and localized mature of convective stomms,
verification of satellite-derived rainfall estimates is a difficult task.
Observations fran exactly the same time period and location as the estimate are
very rare. This case study elimimated the temporal problem by computing
estimates for the same time period as the cbservations. Yet many factors still
canplicated the verification procedure. It wes shown how the density of
cbservations is very important, especially when attempting to verify on a grid
point for grid point kasis. Smll lcocation errors can lead to large leocal
errors in a difference field. But, overall, the results showed that the satel-
lite estimates campared favorably with the cbservations.

The SSM model failed to accurately predict corvective precipitation in this
case study. Its forecast precipitation area was too far to the north and the
amounts were much too small. As a result, comparisons of estimates and observa-
tions with the model did not provide much new information. Nevertheless, by )
using satellite estimates to verify the SSM model, this study has suggested a -
new application for the use of the Scofield-Oliver Technique. The procedures
and methodology for camputing the estimates and then verifying the model have
been demonstrated, Thus, the potential exists for operatiomal mmerical
{mesoscale) modeling to benefit by having such satellite verification informa-
tion for precipitation, which can be produced in near real-time.

Because satellite estimates generally provide useful rzinfall information
every half-hour, this study treated satellite estimates as being a viable sub-
stitute for cbservations. However, since both satellite and radar precipitation
estimates can be used to £ill gaps in the dbserved data, perhaps some cambina-
tion of these three types of information would provide the best verification
data set for precipitation forecasts. In fact, the Heavy Precipitation Unit of
NMC currently tries to incorporate satellite estimates fram the Synoptic
Analysis Branch of NESDIS and radar report when verifying their operational
hamd-drawn forecasts. The state-of-the-art in mesoscale numerical modeling, as
reviewed by anthes (1983), is improving., More is becaming known about the
physical and dynamical processes associated with mesoscale phenamena.
Hopefully, in the not-so—distant future, when mesoscale models are better able
to forecast comvective rainfall events, such a camplete data set could be used
to verify the model forecasts,
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Figure 32. Estimates minus observations for the 24-hour period starting
at 1272, July 20, 1981. Contours every 0.1" starting at 0; labels
every 0.2"; dashed=negative. High smoothing.
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APPENDIX A
MORE INFORMATION AROUT VAS DATA USED IN JULY 20, 1581 CASE STUDY

A method developed by Chesters et al. (1983), known as the "split-window™
technique, was used by Petersen et al. (1983) to derive fields of low-level
moisture every hour. The technique uses the difference in radiation between
two of the 12 VAS channels, both of which have their largest sensitivity at the
earth's surface. In a camletely dry atmosphere, they should be recording the
earth's surface temperature. However, one of the channels (12.7 microns, known
as the "dirty window") is significantly more attenuated by water vapor than the
other channel (11.2 microns, known as the "clean window™), which is completely
transparent to water vapor. Tihus, the difference between the channels gives a
measure of low-level moisture. Petersen also used 6.7 micron water vapor
imagery, which has a peak weighting from 300-600 MB, to derive fields of mid-
level moisture every hour.

By using the "gplit—-window" technique to identify areas of low-level
moisture and then overlaying them by regions of mid-level dryness, Petersen was
able to identify areas of strong convective potential, since severe storms often
have a mid-level dry air intrusion, and thus a large vertical moisture
difference. The following examples show the type of data that were available on
that day (Figure A-l). Images on the left show mid-level moisture (top) and
low-level moisture (bottam). In these panels, red and yellow signals indicated
dryness, while aqua and blue signals indicate increasing moisture content.
Images on the right show a visible satellite photograph (top) and the vertical
moisture differerce (bottam). Here, red and yellow shades depict areas of large
vertical moisture difference, while agqua and blue represent small vertical
moisture differences. The clock on each image shows that the sequence is fram
2:00 p.m. COT to 6:00 p.m. CDT.

At both middle and lower levels, the patterns are dbserved to move across
Kansas, Missouri, and Cklahoma towards the east, but the mid-level dryness moves
slightly faster than the low-level moisture, producing conditions favorable for
thunderstorm development, Note that at 2:00 p.m., deep clouds can be seen by
the dark blue in the mid-level moisture over Missouri, along the leading edge of
the mid-level dryness, Later in the afternoon amd early evening, thunderstorms
are chgerved alsgo along the edge of the mid-level dryness over central
Oklahoma.,
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" APPENDIX B
AN EXAMPLE OF THE EFFECT OF ADDING 8 AM-8 AM REPORTS KENTUCKY

Ten additional rainfall reports were gained when 8AM-8AM dbserva;%ggsthe
were added to the data collection in western Kentucky. These helped fi
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cooperative observer raports.

Rainfall observations in Kentucky using 7AM-TAN
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APPENDIX C
TABLES OF OBSERVED PRECTPITATION
(7 AM - 7 AM REPORTS)

ARKANSAS
LATITUDE LONGITUDE
STATION HAWE DEC, MIMN, DEG. MIN, 24-HR, TOTAL SPECIFIC TIMES({f known)
Abbott Js o4 ol 12 =98
Aly 3% 4B 93 28 .09
Amity 3 NE 3 17 93 25 - 54
Arxadelphia 2 N LY 09 93 a3 o137 11-122
Arxansas Clty 33 7 91 12 « 36
Augusta 2 . a5 18 21 23 ol lh=152
Beebe 35 213 91 4 el 07=-082
Banton 34 33 92 37 1.72
Berryville & v 36 24 93 a7 r
Big Forx 3L 29 93 358 »04
Bigmarck 2 SE 34 18 21 09 B0
Blytheville s 55 89 54 2,04
Bonnerdale u 23 93 23 =60
Booneville ) SSE 35 [ 1] 93 55 1.92 09«122
Clarksville s 29 53 27 Ir )
Conway 35 [T 92 29 21
Corning 36 24 90 a5 W16
Crystal Valley % 52 g2 27 b2
Danville a5 a3 93 24 35 07-092
Deer 35 50 93 12 210
Dumas 33 53 91 29 o7 10-122
Evening Shade 1 NNE J& 05 91 37 Ir
Fayetteville Exp. 5ta. 36 06 -1 10 .1 D6-072
Perndale 6 E L [ 92 27 ol 10-112
Por+ Smith Water Plant Js 39 % 09 1.23
Fort Smith W50 AP 35 20 94 22 66 10-122
Gilbert 35 59 92 43 =02
Gravelly 1 FSE 34 52 93 b1 o135
Greerwood . Js 13 94 15 .85
Hopper 1 E 34 22 93 ko 20
Hot Springs 1L N)NE L at 93 23] «90
Huptsville 36 05 93 4 <03
Jasper 36 o1 93 11 Tr
Jesgieville 1" b2 93 0% 40
Kelser 3s 41 99 o5 1.70
Leola 34 10 92 35 15
Margnall 35 55 g2 37 - «10
Mena Ju 34 94 16 31 11-122
Monticello 3 SW 33 16 91 48 +10 1p-11Z
¥ount Ida 3 SE 34 32 93 36 37 09-122
Mulberry & NNE 35 3% 9t 91 2.10
Murfreeshore 2 NNW 3u 03 93 42 35
Natural Dam s 38 9 2] «09
North Little Rock WSFO AP I 50 92 16 1.38 07-122, L48=/10-112
Odell I N s u8 gh 24 «13
Oden 1 E e 37 93 &b .30
Qzark s 29 %3 50 2.60
Ozone s 1] 93 27 12
Parks s 48 93 58 25
Pine Bluff 3 13 9z o1 o865 9-10Z, 11-122
Pine Ridge b 35 93 58 =30
Piney Grove pL) (%% 93 1z 93
Rateliff 25 18 93 53 1.42
Saint Prancis 36 27 90 0B «85
Subiaco 35 18 9 P +15
Waldron b 54 9L Q6 o4 11122

Waanita LY as 93 32 1.00



ILLINOIS

STATION NAME

Alton Dam 26

Antioch 2 Nw

Argonne National Lab
Ashley

Aurora

Belleville So, Ill. Univ,
Cairo #S0 CI
Carbondale Sewage Plant
Carlyie Reservoir .
Carmi & Hv

Cazay

Centralia 2 sSw
Channihon Dresden Isl.
Chester

Chicago O'Hare WS0Q AP
Chicago Midway AP ) SW
Clay City 6 SSE
Clinton 1 S5W
Coulterville 7 M
Crete

Danville Sewage Plant
Diona ) sW

Dixon Springs Agric. Center

Edwardsville 1 NE
Effingham J W

Grafton

Grand Tower 2 M
Creenville 1 E
Harrisburg Disposal Plant
Hogpestan 1 NE
Jacksonville 2 E

Joliet Brandon Rd, Dam

Kankakee Water Pollutien Ctr,

Kagkaskia R, Nav, Lack
Lawrenceville
Marengo

Marion 4 NNE

Mc Leansbora 2 ENE
Morris

Morrisen

Mt, Carmel

Mt, Vernon 3 NE
Wurphystoro 2 SW
Naghville & NE
Mewton & SSE

gregon

Pana .
Paw Paw

Feotons

Pilper Clty 3 SE
Pontiac

Prairie Du Rocher 1 Wsw
Rantoul

Red Bud S 5E

Aend Lake Dam
Rochelle

Shawneetown New Town
Soarta

Utica Starved Rock Dam
Waterloo

Waterman 1 ESE
Watmeka 2 NW

Wayne City 1 N

West Salem

LATITUDE LONGITUDE
DEG. MIN, DEGs MIN, 24-HR. TOTAL SPECIFIC TIMES{1f Xnawn)
3a 53 g0 11 1
bz 20 88 o8 «0%
&1, L2 87 59 +086 19-212z
38 20 89 12 . 20-212
bt b5 88 21 I
38 Jo 89 51 .6 20-212
37 00 89 1o .58 22.002
7 ok a9 10 e
38 38 89 20 25 20222
b1} 1o a8 12 » 57
39 18 87 %9 Ir
Ja A 83 10 1.19
41 24 88 17 «18
a7 54 B9 50 .12
41 59 87 54 -0l 20.21z, 07-08Z
by Ly a7 4é o3 07~092, 10-11Z
38 36 88 19 w16
4o a8 88 58 .08
8 13 8s 39 -4 20212
1 27 a7 38 w1 11-122
4o [+13 87 36 .01
39 21 88 10 1.20 02-06Z; +52°/02=032
37 26 88 4o «J3 21-002
a8 50 8s 57 .18
39 ) as 37 «06 212232
8 8 [:13) 27 «86
A A T
9 .
7 5 a8 2 .91 mainly 21-00Z; ,7-/21-222
0 28 87 0 +04
39 Ui 90 1z Tr
iy 30 g8 06 «09
4y o8 87 53 .16 2t.227
37 123 By 57 1.63
: 87 41 «10
4 15 88 136 «03
a7 Lé g8 54 .89
38 a6 88 30 1,14
:1 i!. ag 2: .gi
1 9 a9 5 .
38 24 87 bs «35 22002 27 /22-232
38 21 88 52 1.10
27 b 8 22 ol 21.222
38 23 g 20 60
38 55 a8 07 +15 21-222
b2 00 89 20 17 17-00Z
39 23 8 05 Tr
41 b1 a8 9 «13
41 29 a7 ] «50
PR S + S i
4 3 «03
32 32 90 07 «26 20-212
4o 19 83 10 73
38 10 89 s6 .16
-] oz 88 59 +55
41 54 89 os Tr
37 88 11 A6
38 o8 89 47 .7 19-202
T A A
Eg ig 88 45 +26 18-20Z
4o 47 g‘é’ gg -:E
21 -
33 31 -1- G T .1 21-222



JOWA
STATION HAME

Algona 3 W .
Ames 2 SE )
Atlantic 1 NE
Bellevue Lock and Dam #12
Caacade

Clarion

Caolo

Conrad

Coon Rapids
Berby

Dutuque WSO AP
Elkader § SSW
Emmetsburg
Fayetts

Grundy Center
Guttenberg Lock and Dam #10
Hubbard

Iowa Palla
Jewell

Kanawha

Killdurr

Lansing

Farble Rock
Pazsen City

Me Gregor

New Hampton
Hewton

Northwood
Ocheyedan
Parkersturg
Fopejoy 1 NE
Sherlleld
Spoencer

Story Cley .
Strawgerry Paint
Traer

Aaterloo WSD AP
waukon

"ebster City
4illiams

learing

KANSAS

STATION NAME

Alton

Atwood 12 SSE
Auburn 1 N
Brookville
Cawker City
Cilrcleville 7 SW
Clirton

Cavert
Ellaworth
Elzdale 10 WHW
Elmo 1 NwW

Egbon 7 N
Predonia 1 E
Galesburg
Goeasel

Creat Bend
Harlan

Hays 1 S
Hillsboro

Hoxle

Hoyt

Jola 1 W
Kanocpolls Dam
Larned

Lebo

Lillix

Lincoln I ESE
Loretta

Luray

Manhattan
¥atfield Green 2 N
Me Farliand
¥ingo S E
Minneapeolls
NatoTta

Norton Dam
OxTord
Phillipsburg 1 SS=
Quinter

Readinm 2 N
Saint Peter 4 ENT
Smith Canter
Stillwell
Tuttle Creek Lake
Wakeeney 9 H
Wamego

Winkler

Worden

LATITUDE
DEG. MIN.
43 o4
b2 00
41 25
42 16
L2 18
B2 P
&2 01
42 14
41 52
4g 54
42 24
42 b9
43 [\
42 50
k2 22
bz 47
42 18
42 32
&2 18
42 56
&y 37
43 22
Lz 58
43 09
43 o1
u3 03
41 42
43 27
43 25
42 a5
42 37
42 54
4% [7]:]
42 11
42 &1
L2 11
62 33
49 16
42 28
u2 29
42 09
LATITUDE
DEG, MIN.
9 28
39 a8
38 56
38 46
39 31
39 26
39 24
39 15
J8 43
8 25
38 42
39 56
a? 32
Ere 28
38 15
a8 21
39 36
28 52
a8 21
29 21
J9 15
7 55
38 a6
18 11
38 25
29 36
39 0z
38 39
39 07
39 12
38 11
39 a3
29 16
39 aB
29 11
% ho
7 16
29 44
o o4
J8 3
39 12
39 47
a8 bé
J9 15
A 10
19 13
39 23
38 48

2L-HR, TCTAL

SPECIPIC TIMES{if known)

LONCITUDE
DEG. MIN.
9k 18
93 236
g5 Qo
g0 235
81 91
93 45
93 20
92 52
94 4o
93 27
90 42
91 25
oh 41
91 4B
92 47
91  obé
93 18
93 16
93 39
93 48
92 sS4
91 13
92 52
93 12
91 11
92 19
923 0]
93 12
95 32
92 w7
931 25
93 13
95 08
93 35
91 22
92 28
92 2u
91 29
91 4B
93 1

93 18
LONGITUDE
DEG. MIN,
98 53
100
95
97 52
98 26
95 56
97 17
98 52
98 14
96 S0
g7 1
98 26
95 L8
95 21
97 21
98 L6
98 4s
g9 20
97 12
100 27
95 k2
95 26
97 57
99 06
95 s1
95 20
98 o7
g9 11
g8 41
96 135
96 &
96 14
100 52
97 43
99 02
99 55
97 09
99 19
100 14
95 57
100 02
98 W7
94 40
86 16
99 SO
96 18
96 50
95 22

24-HR. TOTAL

21
« 08
I

16172
23=-00Z

21-22Z, 23002

21-22Z
20-212
01032

16-172

21-222

15-142
15-16Z
21-232
23=01Z

23=072; .3"/23-002
22=002; ,22°/22=212

SPECIPIC TIMES(}f known)

07-082

10-112

13-122

10.112

11-12Z

18-202



KENTUCKY (West)

STATION NAME

Calhoun Lagk 2
Columbus

Dundee

Dunzor

Pranklin 1 E
Hartrord 6 N¥
Madigonville 1 SE
Owensboro J W .
Owenaboro Englimh Pk.
Paducah Sewage Plant
Sebreea

MINNESOTA
STATICH MAME

Aftxin

Blanchard Power Station
Brimson 1 E

Caledonia 5 SE
Cambridge 5t. Hompital
Campbell

Canby

Cokato

Dodge Center

Duluth WS0 AP

Elgin

El1k River

Fajirmont

Fort Ripley

Frazes

Hagxings Dam 2
Hinckley

Hoxah 1 SW

Iuland Laks Reservolir
Farietad

Lake City

Lanestoro

Litcnfleld

Luverne

Mesdowlands 9 S
Binneapolis-St. Paul WSO AF
Minneota

Minnesota Clty Dam #5
Montevideo 1

New Ulm 2 SE
Northfleld 2 NNE
Nortn Mankato
Pokegama Dam

Red Lake Indlan Agency
Rushford 1 SSW

Sandy Lake Dam Libby
Springfieild 1 N

St. Paul

Theilopan

Watasha

Wepdene 3 S

¥Wzlker Ranger Station
Wells I NW

Whiteface Reservoir
-Willgar State Hospital
Winona Dam § A
Winton Power Plant
Worthington 2 NNE
Young America

Zumbro Palils
Zumbrota

LATITUDE LONGITUDE
DEG. MIN. DEG. MIN, 24-HR, TOTAL  SPECIPIC TIMES({i{f knpwn}
37 e 87 16 55
36 Le 89 07 72
7 33 86 46 .51
37 o5 87 o0 W3z
36 43 86 o il
7 32 ;1] 54 .72
7 19 az 29 o531
37 L& 87 o9 +20
7 L7 87 o8 W2t
bY4 06 88 36 1.26
37 36 87 32 ,20
LATITUDE LONGITUDE
DEC. MIN, DEC. MIN. 2u-HR. TUTAL  SPECIFIC TIMES{1f known)
e 32 93 43 +03
4s 52 ok 21 =
47 16 91 51 o34
43 bl 91 27 -1
. by Ju 93 1 ol 21-222
46 06 96 25 29
b b3 96 17 o3 01-02Z, 06-07Z
bs .1 9% 12 +05
i 02 §2 50 «08 12-142
b6 50 92 11 1.13 16-012; 1.00°/18-192
[ o8 92 15 o4
bs 18 9 35 T
b3 38 o4 28 r
46 11 9% 22 Tr
46 bk 95 43 ot 22-292
b &5 92 52 «08
6 o1 92 56 . Bl mainly 14-20Z
43 &4s 91 23 «Ob
b6 59 92 14 77
48 35 96 31 «09
s 27 9z 16 Tr
43 43 91 59 20
kg o7 94 32 «02
L3 4o 9% 1z .62
L6 59 92 44 «63 painly 17.232;1 b2"/21-222
a5 53 93 13 32 walnly 20-22Z
ihs s 95 59 L)
Y 10 91 19 Tr
44 56 95 45 .10
bu 17 g4 25 06
Ly 28 93 09 ol 13-142
[ od 10 94 02 «16
b7 15 93 25 «37 .mainly 1B-152
47 2 95 02 o4 mainly 18-192
43 7 91 &5 «07 21-222
L8 48 93 19 2 12-132, ilL=1852
4t 15 ob 59 Tr
s 58 93 05 12
Uy i8 92 12 «15
4o 23 92 03 ol
'Y 2h g5 09 T
L7 06 o4 Eﬁ ol 19-20Z
43 L5 93 .05
47 17 g2 11 «04
kg 08 95 o1 »01
4 a5 91 «03
ko 56 9t k6 02 15-17Z
43 39 95 35 «02
Lk w7 93 55 +01
&4 17 92 26 o65
1 18 9z 4o 23
c-4

D



O

MISSOURI

STATION NAME

Arcadla

Berniw

Belleview

Bloomfield

Boonvilie

Brunswick

Bunker

Burlington Junction

Cap Au Gris Lock & Dam 25§
Caruthersville

Cassville Ranger Station
Centralia

Charleston

Clarksville Lock & Dam 24
Clinton

Columbia W50 AP

De Sato

Parmington
Fredericxtown
Greenville 6 N
Hermann

Higtee 4 S

Jefferson Barracks 2 5W
Jerore

sewett 7 B

Kennett Radio KBOA
¥arble Hil]

YeCredie Zxp, Station
Fexico

¥llan

Nonroe Tlty

New Florence 2

New Wadrid

Ozark

Pacifile

Parca

Fereyville Water Plant
Plattsburg Waterworks
Poolar 3luff{ Ranger Station
Poartazeville

Quilin

Reynolds

Riehmond

Ricrwonodg

Rossbud

Saint Charles
Saint Louls WSCNMO AP
Saint Louis WSPQ
Sadlem
Steelville 2 N
Steffanville
Sullivan 10 Nw
Tarkio 1 5%
Troy

Union

Yalley Park
Van Buren
VYandalia
Yienna 2 WHW
Wappapello Dam
Warrenton 1 N
Washington 2
Wavariy
Wentzville
williamsville

LATITUDE
DEG. MIN.
7 35
36 (']
7 £33
5 53
38 58
39 25
37 27
(3] 27
39 0o
36 12
36 b4
39 13
38 55
J9 22
38 22
38 49
38 09
7 b7
7 34
37 12
38 42
39 15
34 29
27 55
»” 22
J6 13
27 1B
28 57
39 11
40 12
J9 2%
3B 55
36 25
27 a0
28 Jo
36 37
37 Ll
39 b4
36 45
26 25
26 16
7 24
39 20
18 a9
38 23
a8 b7
28 Lg
B 48
7 38
a8 [+[]
39 58
38 20
%) 25
3a 57
38 27
38 33
36 59
J9 19
38 12
36 )
38 49
38 13
39 12
8 49
36 58

LONGITUDE
DEG. MIN.
g0 37
89 58
90 Lk
8 56
92 45
93 o7
91 13
95 04
90 42
a5 4o
93 52
92 08
89 21
96 sb
97 u
92 13
90
%0 23
92 37
20 27
91 286
92 30
90 20
91 59
90 21
90 o4
A9 58
91 54

9t 5%
93 07
91 &b
91 27
8 32
93 14
90 B4
89 49
8 ¢
94 27
90 25
89 42
90 15§
91 0%
93 s8
90 50
" 20
90 30
90 22
g0 3%
91 az
91 22
g1 53
91 20
95 24
90 58
91 Q0
90 29
91 01
91 29
g1 59
90 17
91 0B
%1 00
93 31
s0 52
90 33

24-HR. TOTAL

SPECIPIC TIMES({I Xnown}

2‘80
«93
-7
Izu
»07
- a’
«26
Inﬁ
o

1.52
.22
o1
«03

ol
a1
<39
oHo
50
«20
+87
1.10
+07

W13

off k ong M"/22-042

18202

06092

13152=-14062

13-142

12-132

18=19Z; rain stora just
Eouth of alrpart

21-22z

17-192
18-20z

21-002

19-202

18-192

03-042
19-212
19.21Z; 1.05%/19-20Z
23~-00Z

19-202

19-00Z
00-012Z, 03=042

19-20Z
19-202Z



NEBRASKA
STATION MAME

Amells 2 W
Anselmo 2 SE
Arcadia
Ashton
Bartlett
Bagsett
Beatrice
Bennington
Bennington
Broken BRow
Broken Bow
Chambers
Comatock
Cragton
Elgin 10 ¥
Ericson & WHW
Gavins Point Dam
Gresham 3 SSw
Hartington
Howells

Lynen

Falcolm

Meadow Grove
Neiigh

Horfolk #AS0 AP
Horth Laup
O'Neill

Orlesns Z W
Pawnee City
Peterzburg 11 E
Plerce

Roga 7 WHW
Spalding
Starlehurst 3 ¥NW
Surprige 1 5
Ulysses

Valeniine WSO AP
Wahoo

Wiisonville
Winzide

NNl
= I'!i

NORTH DAKOTA

STATION HAME

Alexander 7 5E
Ashley

Beulah

Bigmavck WSFO AP
Bowbells

Columbus

Dawson

Diekinson Exp, Station
Dunn Ceantar 2 SW
Carrison

GClen Hllin
Hannatord

Hillsborec J N
Hurdsfleld 8 sW
Lake Yetigomhe St, Park
Fandan Exp. Station
Me Gregor

Minot E£xv. Statien
Montpelier
Napaleon

Qakes 2 S

Reeder 17 N
Richardton Abbtey
Sheyenne

Stanley 3] NW
Towner 2 NE

Watford Clty 12 E
wilton

LATITUDE
DEC. MIN.
42 16
by 36
&1 25
41 15
ki 52
42 35
o 15
b1 24
3% 21
41 24
b1 25
4z 12
b1 33
41 53
L1 9
W B8
42 51
Lo 59
42 a7
41 43
42 50
40 5%
b2 02
42 08
41 5%
Lt a0
L2 28
&0 L]
o o6
41 53
42 12
L ¥ 10
L3 (33
41 oo
41 0s
41 ok
42 52
41 12
40 08
42 10
LATITUDE
DEG. MIN.
W7 49
Wé 02
47 16
W6 he
:g 48

55
46 52
46 =3
[ ¥4 21
47 39
La b9
47 19
47 27
47 21
48 59
[ L8
LA k!
48 11
4 . &2
us 30
46 [1:]
hé 17
Lé 53
[ ¥4 50
48 21
['%:) 21
L7 4e
47 09

LONGITUDE
DEG. MIN.
98 55
99 50
99 08
98 48
% 3
96 5
98 12
98 06
99 J8
99 41
98 45
99 15
97 22
98 17
98 47
97 29
97 26
97 16
97 Q0
98 28
56 52
97 4h
93 Q2
97 26
98 hé
98 39
99 3o
96 03
97 52
97 J2
99 4o
98 22
97 15
g7 . 19
a7 12
100 33
96 J8
1090 06
97 10
LONGITUDE
DEG. MIH.
102 32
99 22
101 47
100 46
102 15
102 50
99 45
102 48
iz 29
101 25
101 49
98 11
97 ok
100 ai
100 21
100 54
102 56
101 18
98 35
99 '3
98 05
102 57
1p2 19
59 .07
foz 2%
100 24
122 59
108 57

24-HR, TOTAL

+26
ol
Tr
oDl
o83
.5

.20
vl
ol
Tr
o3
«38
ol
11
21
»31
«02

Tr
25
o 43
Ir
Wil
.10
Tr
20
Tr
ol
o15

2h-HR. TOTAL

»13
d
01
«07
63
203
¥4
«01
«08
35
Wl
ol
«06

. . . T’t:)
SPECIPIC TIMES{If known)

09-112
13-142

11=-127

08-11Z
11=12Z

11-122
11=122

11-122

10-122

10-122

11-122
11-122

11-122

08-102

SPECTPIC TIMES(I1f ¥xnown)

13-14z, 09-102
07=082

08-692Z

05-052
11-12Z

07-082
22-232
07-082
06-072

15-162, 11-122

18192

23)=-002
23-002 s



OKLAHOMA

STATION NAME #

El1 Reno 1 N
Heavener 1 SE
Hobart 1 WSNW
Inoila & SSW
Kansas 1 ESE
Xeystone Dam
Pawhusks
Pawnee 5 N
Perry
Skiatook
Stiliwell 1 NE .
Stroud 1 ¥
¥inita J NHE
Wagoner

Zoe 1 E

SOUTH DAKOTA

STATION NAME

Abardesn WSD AP
Chamberlain § S
Cottonwoad 2 E
Gettysburg 16 WSW
Hopewell 1 SE
Interior 3 KE

Lake Sharpe Project
Vaurine 12 SW
Milesville 8 IME
Mission

Oahe Dam

Plekstowm
Plainview 4 SSW
Rapid Clty WEO AP
Sioux Falle WSFQ AP
Spearfish
Weszington 5 §
Zeona 10 S5W

TENNESSEE (West & Middle)

STATION NAME

Ames Plantation
Bethpage

Bolivar Water Works
Browngville

. Brownsville Sewage Plant

Carthage

Corvington 1 W

Dickson

Drummonds

Pranklin Sawage Plant
Gainesboro 3 N
Greenfleld

Humboldt

Jackson Exp, Sta.
Xingston Springa 2 NNE
lafayette

Lavanon 2 SE

Lebanon 7?7 N=Hunters Polint
Lexington

Martin U of T Brunch
Mason

Meomphis

Memphig WSFQ

Milan

Furfreesboro 5 N
Nashwille W30 AP
Meapolis Exp. Station
North Springs

Paris 5 E

Portland Sewage Plant
Ripley

Samburg Wildiife Refuge
Smithville 2 SE
Springrield Exp, Station
Union City

Waynnshoro

Waodbury 1 HNW

LATITUDE
DEC. MIN.
35 33
ks 53
33 o1
36 oL
36 12
36 09
36 bo
kL] 26
16 17
36 22
¥ 3
36 41
35 58
I 46
LATITUDE
DEC. MIN.
LY 27
L3 4
43 58
&4 59
Ly 30
43 45
4ia ok
had 54
4l a2z
43 18
I 27
&3 ok
ke 2
' 03
43 b
[ 29
44 23
45 ol

LATITUDE
DEC, MIN.
33 66
36 29
35 14
35 as
35 3s
36 16
5 4
36 o4
35 27
33 56
36 24
36 10
a5 &9
15 37
16 07
36 31
36 11
6 18 .
35 4o
36 20
35 24
35 12
a5 03
35 56
35 55
] 07
35 43
16 28
6 19
36 a5
25 45
36 23
25 57
a5 28
386 25
35 18
35 so

LONGITUDE

SPECIFIZ TIMES(!f Xnown)

mainly 00-012Z
mainly 23-012

07-097
23-00Z

SPECIPIC TIMES(If Xnown)

DEC. MIN. 24.HR, TOTAL
97 58 .gg
84 35 .
99 06 .1
95 13 «23
94 &7 o
96 15 49
96 21 .
% 18 i

7

36 [:[s] 19

4 J7 237

96 3% or

95 08 .02

95 22 31
36 +09

LOKGITUDE

DEC, MIN, 26-HR. TOTAL
98 26 02
99 19 24

101 s2 .50

100 17 el

too 52 .12

101 57 .
99 28 11

10z 43 25

101 34 .

100 4o .0

100 25 o1
98 32 «2

102 11 3

107 oi <06
96 4b 07

103 52 .03
98 42 .23

103 00 o2

LONGITUDE

DEG. MIN. 24.HR, TOTAL
8% 13 1,14
Bé 19 11
88 59 1.07
B 15 1,45
89 16 .
85 -} 57
89 Q 1.39
a7 23 -
ag 55 1.9
86 52 5
85 &o 17
88 47 1.4
B8 56 1.2
88 50 «93
87 06 <80

a5 o2 50
86 15 -5

86 16 o1
ag 25 1.73
8| sz 1,71
g9 32 1.2
00 02 .
g0 00 58
BB 46 1.32
B6 22 «27
gé L3 .
856 53 55
a5 ks .
88 14 «59
86 132 -]
&y 32 .90
89 21 26
85 &7 .82
86 S0 73
85 04 «07

B7 44 .
86 as 20

1i.12Z

06-072
05-082
05-062
07-082

23002
67-102
07-082
08-10z
03-042
18-19Z, 05-06Z, 08-09Z
17-182

02-032

SPECIPIC TIMES(Lif known)

02-052; .6%/02-032

01-042) ,7°/01-022
00-022

a0-052; ,6°/00-012
02=052) 5~/03-042

00-022; 1,2"/00-012
01-032; .6 aach hour
01-03Z; .6)"/01-02Z

16-17Z, 00-02Z

02«04Z) .6 sach hour

04=062) E*/05-062

03=-06Z; .J2"/07=-042,
257 /05-062

18-192, 00a01Z
00-062Z

00=032
00-02Z

23-00Z, 01-02Z; ,6%/23-302



WISCONSIN

STATION NAME

Alza Dam 4

Antigs 1 SSW
Arlington Univ. Parm
Ashland Exp, Parm
Babecock 1 WHW
Baldwin 1 SW .
Blanchardville 2
Breed 6§ SSE
Buckatabon

Chippewa Falls
Clintonville
Coddington 1L E
Cumberland

Danbury

Darlington

Eagle S N

Eagle River

Eau Pleine Reservoir
Geroa Dam 8

Green Bay WSD AP
Hartford 2 W
Hatfield Hydro Flant
Horicon

Lac ¥Yieux Desert
Ladyszith Ranger Station
La Parge

Lancaccter 4 WSW

Lone Hock FPAA AP
Lonr, Lake Dam

Luek

Lynxzville Dam 9
Madison WSO AP
Mather J NW

Madforg

Yiercer Ranger Station
Merrill

¥ilwaukee WSO AP
Minocgua Dam

Minong Ranger Statiom
Monroe 1 W

Kuscoda

Hew London

Norsn Pelican

Oconto % #

Fesntigo

Phelps Deerskin Dam
Portage
. Prairie Du Chien
Prentice 2

Rainbow Reservoir
Rib Falls

Rice Lake

Rice Reservolr
Soldiers Grove
Spirit Palls
Spooner Exp. Farm
Stratfard 2 NNW
Sturgeon Bay Exp, Farm
Sugar Camp

Three Laxes 10 SE
Tomah Ranger Statlon
Trempealeau Dam &
Waterztown

Weatby 2 NE

White Lake J WHW
Willow Regervaoir
Winter & Niw

LATITUDE
DEC. MIN.
oL 20
4y [+1:]
&3 18
Lé 34
[ 12

ok
L2 Ea
Ly i3]
LT3 Q1
L 56
b b Y4
[ 22
45 32
k& o1
ka L1
42 57
45 55
ity [
49 1%
[T 29
43 19
Ly 24
43 27
45 o8
4g 28
43 I
&2 50
43 12
by 54
45 EL
43 13
5] 08
by 11
u4g [-1:}
45 10
45 11
42 57
Lg 53
L4é 06
L3 36
43 12
Liz 23
by 38
Liy 54
4 ok
I3 03
3 a2
43 02
45 i
45 50
[T 58
4y 30
Ly a2
43 24
45 27
(13 49
[ 50
Lk 52
by 2
bs 3
L4 0a
iy 00
43 11
43 ko
T3 10
45 B)
L5 $3
24

#isconain Rapids Grand Av. Br.b4e

24.HR. TOTAL

LONGITUDE
DEC. MIN.
91 58
as 09
Be 21
90 53
90 07
92 23
89 52
g8 253
8y 19
91 23
88 Ls
89 32
92 o0
9z 22
90 07
a8 27
89 15
B9 45
91 1b
88 08
88 24
90 L&
88 18
g9 08
51 08
90 38
90 47
90 11
89 08
gz 28
91 06
89 20
50 22
ga 21
20 o4
89 b1
87 54
A9 ki
91 49
89 4o
90 26
88 44
89 15
87 57
87 44
as 02
By 26
91 09
9o 17
B9 13
85 5%
91 &y
89 45
90 47
89 58
91 5]
g0 05
87 20
B9 2u
8% oo
go 30
91 26
a8 44
%0 48
as 49
& 51
91 ob
B9 &9

SFECIPIC PIMES{{+ Xnown}
18-19Z
23012

12-022; .8"/19-202
17-20Z

19-147
12-182
1-142

16-172, 20-22Z
13-182

20-21Z

“14-022

17-Ch2y 27°/18-192

15-162

15-207

21-232

16-172

19-212

12-202¢ ,3"/12-132
12-142; ,&°/12-13C
=162

13-2124 1.07=/19.232

18-192

13=-142, 18-19Z
13-182

mainly 23-00Z

sainly 12-1&Z

16-182

13-16Z, 21-23Z
22.232

21-002

17-182
15-162

15-172
15-17Z, 20-21Z
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